Vibrio vulnificus is a marine pathogenic bacterium commonly found in seawater or seafood. This organism encounters low-salinity stress in its natural environment and during food processing. This study was designed to investigate the response of V. vulnificus YJ03 to lethal low-salinity (0.04% NaCl) and its adaptation to sublethal salinity (0.12% NaCl with 20 amino acids added). A short period in the nonculturable state was induced by lethal low-salinity stress followed by cell death after 30 min of stress. Addition of 1 mM glycine betaine or 0.5 mM sucrose reduced the damage. Low-salinity adaptation was achieved in the exponential phase cells but not in the stationary phase cells. Significant protection against lethal low-salinity stress was attained when the cells were adapted for as little as 1.5 min. The adapted cells were significantly protected against lethal low salinity and 2.4% sodium sorbate but sensitized to the challenge of heat (52ЊC) and acid (pH 3.2). Nonlethal lowsalinity treatment of seafood should be avoided to prevent stress adaptation of V. vulnificus.
Vibrio vulnificus causes human wound infection and septicemia usually associated with occupational activities around seawater. V. vulnificus is found in many molluscan shellfish, primarily oysters, and its ingestion in raw oysters causes infection with high mortality in susceptible persons (6) . Stress adaptation and cross-protection in V. vulnificus exhibit some unusual characteristics. The acid adaptation and starvation-induced cross-protection against other stresses are strain dependent (2) . Nutrient starvation alone does not lead to cross-protection against heat or other stresses. These findings indicate that the cross-protective response in V. vulnificus is complex and involves multiple mechanisms (9) .
The distribution of V. vulnificus in the environment is positively correlated with salinity (20 to 25 ppt) (8) , and its survival under various salinity conditions is affected by temperature (4) . Salinity of the natural estuarine habitat of V. vulnificus fluctuates with the season and the tidal cycle and when the river floods or a drought occurs. Fresh water often is used to wash seafood that harbors V. vulnificus. Thus, low salinity also is a common stressor for this pathogenic bacterium in natural and food-processing environments. Responses to low-salinity stress in bacteria have not been well characterized. Low-salinity damage and adaptation and the cross-protection of the adapted cells against heat, acid, and sodium sorbate were investigated to characterize the stress response of V. vulnificus. The effect of some osmoprotectants on V. vulnificus cells damaged by low salinity also was examined. resistance to high heat, low salinity, and acid (12), was evaluated. V. vulnificus was cultured at 37ЊC on Luria-Bertani agar (LA-N; Difco, Becton Dickinson, Sparks, Md.) or in LB broth (LB-N; Difco, Becton Dickinson), both media supplemented with 0.85% NaCl.
MATERIALS AND METHODS

Preparation of bacterial cultures.
A 100-l aliquot of an overnight LB-N culture was inoculated into 100 ml of brain heart infusion (BHI) broth (Difco, Becton Dickinson) supplemented with 0.85% NaCl in a 250-ml Erlenmeyer flask and incubated at 37ЊC with shaking at 110 rpm (reciprocal shaking incubator 300R, Firstek Co., Taipei, Taiwan) for 4.5 and 18 h to reach the exponential and stationary phases, respectively. Bacterial cells in the exponential and stationary phase were harvested by centrifugation at 10,000 ϫ g for 10 min and washed in equal volumes of phosphate-buffered saline (PBS, pH 7.0) with 0.85% NaCl at 24ЊC. For the preparation of the low-salinity-adapted culture, the washed bacterial cells were incubated at 24ЊC for 30 min in an equal volume of PBS with 0.12% NaCl plus 20 amino acids (AA-PBS-0.12% NaCl) as previously described to prevent interference from nutrient starvation (13) .
Environmental stresses.
Environmental stress was applied to the nonadapted control and low-salinity-adapted bacterial suspensions incubated at 37ЊC. The viability of the cells was determined at various intervals. The nonadapted control and low-salinity-adapted cells were harvested and resuspended in PBS with 0.04% NaCl, which was lethal (as determined in a preliminary experiment), to apply low-salinity stress. some cell suspensions were resuspended in PBS-0.85% NaCl acidified with 1 N HCl to pH 3.2 to apply acid stress. Other cell suspensions were resuspended in PBS-0.85% NaCl and incubated at 52ЊC to apply heat stress, and a third group of cell suspensions were resuspended in PBS-0.85% NaCl that contained 2.4% sodium sorbate to apply preservative stress.
Application of osmoprotectants. Bacterial suspensions that had been stressed at low salinity for 5 min and then incubated at
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Enumeration of bacteria.
The viable cells and dead cells were counted with LIVE/DEAD BacLight bacterial viability kits (Molecular Probes, Invitrogen Corp., Carlsbad, Calif.) according to published procedures (14) . Data were recorded as mean counts from five randomly selected microscopic fields. The healthy and culturable bacterial cells were counted by the standard plate count method on LA-N following serial dilution in PBS-0.85% NaCl and incubation at 37ЊC for 16 h (12) . The number of viable but nonculturable cells were calculated by subtracting the number of culturable cells from the total number of viable cells.
Statistical analysis.
All experiments were repeated twice, and the data were obtained in at least triplicate. Data were analyzed by t test or analysis of variance using SPSS for Windows 10.0 (SPSS Inc., Chicago, Ill.).
RESULTS AND DISCUSSION
When V. vulnificus strain YJ03 was cultured in BHI broth supplemented with 0.85% NaCl and the harvested cells were challenged with PBS buffer that contained 0.2 to 0.005% NaCl for 30 min, two different inactivation rates were observed. The survival declined slowly from 5.0 ϫ 10 7 to 5.0 ϫ 10 7 CFU/ml as the salinity dropped from 0.85% to 0.2% and declined rapidly from 5.0 ϫ 10 7 to 8.0 ϫ 10 3 CFU/ml as the salinity dropped from 0.2% to 0.005%. A salinity of 0.04% was chosen as the lethal lowsalinity stress in the following study.
The response of V. vulnificus YJ03 to lethal low-salinity stress (0.04% NaCl, with osmotic pressure calculated at about 17 kPa based on the equation: osmotic pressure ϭ nRT/V, where n is the number of moles of solute, R is the universal gas constant, T is temperature, and V is volume) was monitored by plate count and viability staining. The culturability declined rapidly, and no colonies were observed after 15 min of stress. At this point, only 52.4% of the cells were dead and stained red with the BacLight bacterial viability kits, but 47.6% of the cells were injured and unable to form colonies. When stressed for 30 min, the proportion of injured cells decreased to 4.8%, and the proportion of dead cells increased to 95.1% (Fig. 1) . This study revealed the presence of a transient nonculturable state probably caused by the hypoosmotic injury; this state differs from the unique viable but nonculturable state (7, 14) .
The osmoprotectants glycine betaine and sucrose significantly promoted the survival of V. vulnificus challenged by lethal low salinity. Osmoprotectants were added to the lethal low-salinity buffer in which V. vulnificus YJ03 cells had been stressed for 5 min and 17.6% of the cells were injured, and the new mixture was incubated for another 30 min. Of the cells in the control group without added osmoprotectant, 89.8% were killed and only 10.8% remained injured. When glycine betaine or sucrose was added, the lethality dropped significantly and the proportion of injured cells increased to about 45% ( Table 1 ). The osmotic pressure of the lethal low-salinity medium (17 kPa) was raised to 43 or 30 kPa by addition of glycine betaine or sucrose, respectively. Such an increase in exogenous osmotic pressure may have reduced the osmotic pressure gradient across the cell membrane and thus the stress in the cells. The physiological function of individual osmoprotectants is also important. Of the three osmoprotectants examined, only glycine betaine and sucrose had significant protective effects (Table 1) . Glycine betaine is a preferred accumulated compatible solute for most prokaryotes, and sucrose is a nonaccumulated protectant (10) . Peptone is a complex mixture of peptides with a low concentration of free amino acids, including the osmoprotectant proline (1). Peptone was less effective than glycine betaine and sucrose, perhaps because of the presence of such a small quantity of proline. Although the bidirectional glycine betaine transporters can participate in the low-salinity adaptation of bacteria (10), the protective mechanism associated with the osmoprotectants evaluated in the present study remains unclear.
V. vulnificus YJ03 cells in the exponential or stationary phase were adapted in AA-PBS-0.12% NaCl medium, which was nonlethal to this strain (13), for 1 to 90 min.
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The low-salinity-adapted cells were challenged by heat (52C), acid (pH 3.2), and preservative (2.4% sodium sorbate). The low-salinity-adapted V. vulnificus YJ03 cells were not protected against heat or acid stresses. However, the low-salinity-adapted cells in the exponential phase were sensitized and significantly more susceptible (P Ͻ 0.05) to heat or acid stresses than were the nonadapted control cells (Fig. 3B and 3C ) and were significantly more resistant (P Ͻ 0.05) to inactivation by 2.4% sodium sorbate than were the nonadapted cells (Fig. 4) .
In contrast, the cells in the stationary phase were more resistant to low salinity and other environmental stresses. Nevertheless, the low-salinity-adapted stationary phase cells were not significantly more susceptible to the lethal low salinity, heat, acid, or sodium sorbate treatment than were the nonadapted control cells (data not shown).
The V. vulnificus cells that were adapted to 0.12% NaCl were protected against lethal low salinity (0.04% NaCl; Fig. 3A ) and the food preservative 2.4% sodium sorbate (Fig. 4) . In contrast, the adapted cells were not protected against heat (52ЊC) and acid (pH 3.2) (Fig. 3B and  3C) . Acid-or heat-adapted V. vulnificus also were not cross-protected against lethal low salinity, in contrast to the results of a study in which bile-adapted exponential and stationary cells were cross-protected against low salinity (11) . These data suggest the presence of two families of stress adaptation responses: adaptation to low salinity, bile, and food preservative stresses may share similar processes that differ from those associated with adaptation to heat and acid stresses. The results of this study provide further insight into the low-salinity response of V. vulnificus and the interactions of these responses with those to other common stressors. These results suggest that low-salinity-adapted V. vulnificus cells are associated with an increased risk of illness in food, which usually contains naturally occurring osmoprotectants. Adaptation to low salinity also enhanced the survival of these cells also in food treated with sorbate, a common food preservative used against vibrios (3, 5) . Nonlethal low-salinity treatment of seafood should be avoided to prevent stress adaptation of V. vulnificus cells.
